We have performed a screen aimed at identifying human herpesvirus 6 (HHV-6)-encoded proteins that modulate immune recognition. Here we show that the U24 protein encoded by HHV-6 variant A downregulates cell surface expression of the T-cell receptor (TCR)/CD3 complex, a complex essential to T-cell activation and the generation of an immune adaptive response. In the presence of U24, the TCR/CD3 complex is endocytosed but is not recycled back to the plasma membrane. Instead, it accumulates in early and late endosomes. Interestingly, whereas CD3 downregulation from the cell surface is normally associated with T-cell activation, U24 downregulates CD3 independently of T-cell activation. Moreover, we found that U24-expressing T cells are resistant to activation by antigen-presenting cells. HHV-6 has evolved a unique mechanism of inhibition of T-cell activation that may impair the establishment of an adaptive immune response. Furthermore, lymphocyte activation creates an environment favorable to the reactivation and replication of lymphotropic herpesviruses. Thus, by inhibiting T-cell activation, HHV-6 might limit its reactivation and thus minimize immune recognition.
Human herpesvirus 6 (HHV-6) is a ubiquitous pathogen of the betaherpesvirus family, which includes cytomegalovirus and HHV-7, that primarily infects CD4
ϩ T cells (26, 38) . Like other herpesviruses, HHV-6 establishes latency after the initial productive infection (35) and thus is never cleared from its host. Two subtypes of HHV-6 have been identified: variants A and B. Although these two variants are similar in sequence and genome organization, they are associated with different pathologies (8, 10) . HHV-6 variant B (HHV-6B) causes exanthem subitum (roseola infantum) in young children (43) . It has also recently been associated with mesial temporal lobe epilepsy (11) . HHV-6A has been implicated in the etiology of several other pathologies (4, 42) , but this remains to be confirmed. Reports suggest a role of this variant in multiple sclerosis (36) as well as encephalitis (28, 39) . Importantly, several lines of experimental and clinical evidence suggest that HHV-6A might accelerate AIDS progression (24) . In particular, a recent study reported that HHV-6A triggered a faster progression of AIDS in simian immunodeficiency virus (SIV)-infected macaques (23) . HHV-6 can reactivate in immune-compromised and transplant patients (31) and can be associated with severe encephalitis in these patients. Whether the reactivation of HHV-6 affects the immune competency of these patients or whether it is solely an innocuous marker of immune deficiency is not yet known.
The mechanisms by which HHV-6 establishes persistence in its host are not well understood. Whereas herpesviruses devote a large fraction of their coding potential to immune evasion (33, 41) , only a few HHV-6 proteins involved in immune evasion have been characterized so far. The HHV-6 immediateearly protein IE1 inhibits beta interferon induction, potentially affecting the initiation of an innate immune response (17) . HHV-6 encodes a functional chemokine, U83, which might have an impact on the cell type recruited to the site of infection (9, 46) . Finally, a recent study showed that the HHV-6-encoded protein U21 downregulates major histocompatibility complex class I cell surface expression (14) . The characterization of viral immune modulators not only sheds light on viral pathogenesis but can also have a profound impact in the understanding of immunology and cell biology (6, 22) .
One key player in the generation of an adaptive immune response is the T-cell receptor (TCR)/CD3 complex signaling receptor present on CD4 ϩ T cells, the main cell type infected by HHV-6. Lusso et al. reported that CD3 expression was altered in CD4 ϩ T cells infected with HHV-6, suggesting that HHV-6 might encode a protein that modulates CD3 expression (26) . Alternatively, this observation could be due to a bystander effect of HHV-6 replication in these cells. To distinguish between these two possibilities, we generated a library of HHV-6 candidate genes and tested whether one of these genes modulates the expression of the TCR/CD3 complex. Here we show that HHV-6 U24 protein inhibits CD3 recycling to the cell surface and, as a consequence, downregulates CD3 cell surface expression and prevents T-cell activation.
MATERIALS AND METHODS
Cell lines, transfections, and reagents. Jurkat, Jurkat CD8 ϩ , JCaM, and P116 cell lines were generously provided by Arthur Weiss (University of California, San Francisco). Jurkat and BJAB cell lines were grown in RPMI 1640 with 5% fetal bovine serum and 100 g/ml penicillin-streptomycin. For transfection, 16 ϫ 10 6 cells were mixed with 30 g of the appropriate vector and electroporated using a Bio-Rad Gene Pulser set at 960 F and 250 V. Phorbol myristate acetate (PMA) and ionomycin (both from Sigma) were used at 50 ng/ml and 1 g/ml, respectively. Phycoerythrin (PE)-conjugated antibodies against CD3ε (UCHT1) and ␣␤ TCR (IP26) and antibodies against CD69, ICAM-1, and HLA-A, -B, and -C were purchased from BD Biosciences. PE-conjugated goat anti-mouse immunoglobulin G was purchased from Caltag. Antibodies against ULBP1, ULBP2, CD4, and CD8 were generously provided by David Raulet (University of California, Berkeley). A purified antibody against CD3 (OKT3) was a gift from Nilab Shastri (University of California, Berkeley). Staphylococcal enterotoxin E (SEE) was purchased from Toxin Technologies.
Plasmids and constructs. U24 was amplified from an HHV-6A (GS) genomic preparation provided by Don Ganem (University of California, San Francisco) and was inserted into pIRES2-EGFP (U24/EGFP). Luciferase constructs were provided by Jenny Shapiro (University of California, San Francisco). N-terminally enhanced green fluorescent protein (EGFP)-tagged Rab constructs were made by inserting a unique MluI restriction site just upstream of the NotI site C-terminal to the EGFP in pIRES2-EGFP. Rab proteins were amplified from a HeLa cDNA library and inserted in frame with EGFP at the MluI site in the modified pIRES2-EGFP vector.
Luciferase assays. Jurkat cells (16 ϫ 10 6 ) were transiently transfected with 0.1 g Renilla luciferase plasmid, 5 g firefly luciferase plasmids with T-cell activation promoters, and 25 g of U24/EGFP or pIRES2-EGFP as a control vector. The Dual-Luciferase reporter assay system (Promega) was used to analyze the samples.
Internalization assay. Cells transiently transfected with U24/EGFP or the EGFP vector control were collected after 24 h and incubated with a PE-conjugated anti-CD3 antibody in cold flow buffer (1% bovine serum albumin in phosphate-buffered saline) for 30 min. Cells were washed with flow buffer to remove unbound antibody and were allowed to internalize at 37°C in RPMI-5% fetal bovine serum (FBS). At each time point, cells were removed from the 37°C medium and incubated in cold flow buffer to stop the reaction. Cells at each time point were split into two fractions: one was washed and analyzed by flow cytometry, while the other was stripped of membrane-bound antibody with flow buffer at pH 1.5 and immediately quenched in neutral flow buffer. This procedure removes more than 98% of surface-bound antibodies. These cells were washed and analyzed by flow cytometry. The percentage of internalization at each time point was calculated as (S tx Ϫ S t0 )/(T t0 Ϫ S t0 ) ϫ 100, where S tx is the mean fluorescence of cells stripped of antibody at each time point, S t0 is the mean fluorescence of cells stripped at time zero, and T t0 is the mean fluorescence of cells that were not stripped of antibody.
Recycling assay. Cells transiently transfected with U24/EGFP or the EGFP vector control were collected after 24 h, incubated with a PE-conjugated anti-CD3 antibody in RPMI-5% FBS, and allowed to internalize for 30 min. Cells were then washed with cold flow buffer and stripped of extracellularly bound antibody by the method described above. Cells were resuspended in warm RPMI-5% FBS and incubated at 37°C. Cells were removed at various times and incubated in cold flow buffer. Cells were split into two fractions: one was washed and analyzed by flow cytometry, and the other was stripped of extracellular antibody, washed, and analyzed by flow cytometry. The percentage of CD3 recycled was calculated indirectly as (S t0 Ϫ S tx )/S t0 ϫ 100. The mean fluorescence of cells not stripped did not change significantly.
Indirect immunofluorescence. Cells were transfected either with plasmids containing U24 and Rab-EGFP fusion constructs in bicistronic transcripts or with control Rab-EGFP constructs. After 24 h, cells transfected with U24-Rab-EGFP constructs were stained with a PE-conjugated CD3 antibody and used to gate the area of EGFP expression that corresponded to cells with low surface expression of CD3. These cells were sorted, as well as the control Rab-EGFP transfected cells that showed the same level of EGFP. Cells were allowed to settle on a glass slide, fixed with 3% paraformaldehyde-0.03 M sucrose, washed with phosphatebuffered saline, and permeabilized in 0.02% Triton X-100 in 3% bovine serum albumin. Cells were stained with antibody OKT3 followed by a goat anti-mouse secondary antibody conjugated to rhodamine and were visualized with a Zeiss LSM 510/NLO META confocal microscope using a Plan-Neofluar 40ϫ objective (1.3 numerical aperture; 0.17-mm working distance). Images were magnified six times and analyzed with Zeiss LSM software.
Superantigen coculture assay. Jurkat cells were transiently transfected with pIRES2-EGFP or pIRES2-U24-EGFP. After 24 h, these cells were incubated for 6 h with SEE-pulsed BJAB cells at a ratio of 2:1 (BJAB to Jurkat cells); subsequently, the cells were stained for CD69 expression. BJAB cells were pulsed with SEE by incubation with 200 ng/ml of SEE for 30 min, and excess SEE was washed away.
RESULTS
The TCR/CD3 complex is downregulated in the presence of HHV-6 U24 protein. We generated a library of HHV-6 candidate genes and tested whether one of these genes modulates the expression of the TCR/CD3 complex. Our screen was limited to the open reading frames (ORFs) located at the left and right ends of the HHV-6 genome, regions that typically contain genes that are unique to each herpesvirus and are often involved in host-cell interactions. We cloned these ORFs into pIRES2-EGFP, a vector that expresses a bicistronic transcript encoding the gene candidate and EGFP. Each vector was transiently transfected into Jurkat cells, a human CD4 ϩ T-cell line commonly used to study T-cell signaling. Surface expression of CD3ε and ␣␤ TCR was measured by flow cytometry on EGFPexpressing cells at 24 h posttransfection. Among the different ORFs tested, only U24 significantly downregulated both CD3 and ␣␤ TCR from the surfaces of Jurkat cells (Fig. 1A) . Importantly, the expression of several other cell surface molecules involved in immune recognition was not affected by U24 expression (Fig. 1C) , indicating that U24 does not massively modify the cell surface proteome.
Intracellular levels of CD3ε were measured by flow cytometry of Jurkat cells transfected with a vector coexpressing U24 and EGFP. Levels of CD3ε in U24/EGFP-and control EGFPexpressing cells were similar (Fig. 1B) , indicating that while the TCR complex is downregulated from the cell surface, it is not degraded but rather sequestered within the cell.
CD3 downregulation by U24 does not correlate with T-cell activation. T-cell activation is initiated when the TCR encounters a specific major histocompatibility complex-peptide complex. The interaction triggers the activation of two protein kinases, lck and zap70, which in turn initiate a cascade of events leading to the nuclear translocation of specific transcription factors-NFAT, AP1, and NF-B-and the upregulation of CD69 (1). T-cell activation is self-limited by a rapid internalization and degradation of the TCR/CD3 complex (13) . We asked whether U24 activates T cells, subsequently leading to the downregulation of the TCR/CD3 complex.
We first tested whether U24-mediated TCR/CD3 downregulation was dependent on the early mediators of TCR activation, lck and zap70. Jurkat cells deficient in either lck (JCaM cells) or zap70 (P116 cells) were transfected with a vector encoding U24, and CD3 surface expression was assessed by flow cytometry. As shown in Fig. 2A , U24 triggered CD3 downregulation in both cell lines, indicating that lck and zap70 are not involved in this process. Though zap70-deficient cells expressing U24 have higher levels of CD3 than lck-deficient cells, the percentages of downregulation are similar: 14.5% and 10.3% of total CD3, respectively.
We then tested the ability of U24 to activate NFAT, AP1, or NF-B in Jurkat cells expressing luciferase reporter constructs. While PMA and ionomycin induced a strong stimulation of luciferase expression, U24 had no effect, showing that the viral protein does not activate these transcription factors (Fig. 2B) . Finally, we observed that CD69, an early marker of T-cell activation, was not upregulated in cells expressing U24. By contrast, PMA and ionomycin induced strong upregulation of CD69 expression at the cell surface (Fig. 2C) . Taken together, these results indicate that U24 downregulates the CD3/TCR complex independently of the T-cell activation pathway.
CD3 downregulation is mediated by a block in receptor recycling back to the cell surface. As with ligand-mediated endocytosis, U24 may be acting to enhance CD3 internalization from the cell surface. To measure CD3 internalization, VOL. 82, 2008 DOWNREGULATION OF TCR COMPLEX BY HHV-6 U24 PROTEIN 603 cells coexpressing U24 and EGFP, or expressing EGFP alone, were incubated with a PE-conjugated anti-CD3ε antibody at 37°C for various times to allow for antibody-mediated endocytosis of CD3ε. Surface-associated antibody was removed by acid stripping, and internalized antibody levels were measured by flow cytometry. Surprisingly, cells expressing U24 showed decreased rates of CD3 internalization compared to that for the EGFP control (Fig. 3A) . How could a lower rate of endocytosis result in downregulation from the cell surface? One possibility is that upon U24 expression, the CD3/TCR complex is blocked from recycling back to the plasma membrane, whereas the complex normally recycles constitutively in resting cells (18, 20) . A block in CD3/TCR recycling back to the plasma membrane may also sequester factors necessary for the internalization of CD3ε, which would explain the lower rate of endocytosis observed in the presence of U24. In order to test this model, cells expressing either U24/EGFP or EGFP alone were incubated with a PE-conjugated anti-CD3ε antibody at 37°C to allow for antibody-mediated internalization. After 30 min, the antibody remaining at the cell surface was removed by acid stripping, and the internalized antibody was allowed to recycle back to the cell surface for various times. Cells were again subjected to acid stripping, and the amount of bound antibody retained within the cells was measured by flow cytometry. As shown in Fig. 3B , cells expressing U24 retained CD3 within the cells in contrast to cells expressing EGFP, indicating that U24 causes a block in CD3 recycling to the cell surface. U24 causes the exclusion of CD3 from recycling endosomes. Rab proteins are small GTPases that are used as markers of (45) . Endosomal recycling involves the sorting of cargo to and from distinct organelles containing specific and distinct Rab proteins (27) . Rab5 is associated with clathrin-coated pits and with early endosomes (15, 29) . These Rab5-containing endosomes fuse with Rab4-containing sorting endosomes. If the receptors are to be recycled, the sorting endosomes then fuse with Rab11-containing recycling endosomes (37). If not, receptors are trafficked to Rab9-containing late endosomes (2, 21) . We used immunofluorescence to determine the endosomal compartment to which CD3ε is sequestered. EGFP-tagged Rab constructs were expressed in bicistronic transcripts with U24 (U24-Rab4-EGFP, U24-Rab5-EGFP, U24-Rab9-EGFP, and U24-Rab11-EGFP). U24 was functional in these constructs, as assessed by CD3 downregulation in transfected Jurkat cells (data not shown). Jurkat cells were transfected either with the bicistronic U24-Rab-EGFP constructs or with vectors encoding Rab-EGFP alone. Cells expressing high levels of EGFP were isolated by fluorescence-activated cell sorting. These cells were then fixed, permeabilized, stained with an anti-CD3ε antibody, and analyzed by confocal microscopy. As expected, cells that did not express U24 showed CD3ε in Rab5 and Rab4 early endosomes, as well as in the Rab11 recycling compartment, but were excluded from Rab9-containing late endosomes (Fig. 4, left panels) . By contrast, in cells expressing U24, CD3ε was completely excluded from Rab11 recycling endosomes in more than threefourths of cells observed (Fig. 4, right panels) , while none of the cells in GFP controls showed this phenotype. CD3 was found mostly in Rab5-and Rab4-containing early endosomes and to a lesser extent in Rab9-containing late endosomes. These data indicate that U24 prevents the CD3 complex from entering recycling endosomes, likely producing decreased levels of CD3 at the cell surface.
U24 inhibits T-cell activation in vitro.
We next tested the functional significance of CD3 downregulation in T-cell stimulation accompanying antigen presentation. We used a model (Fig. 5 ). This result indicates that the level of CD3 downregulation induced by U24 results in a defect in T-cell function.
DISCUSSION
We have identified an ORF encoded by HHV-6 that causes downregulation of the TCR/CD3 complex by inhibiting its constitutive recycling. Interestingly, Lusso and colleagues found that in patients with active HHV-6 infection, virally infected T cells lacked CD3 at the cell surface (26) . Upon closer inspection, abundant CD3 was found sequestered within these cells, matching the phenotype of U24 expression described in this paper. CD3 downregulation has also been seen in other cases of active HHV-6 infection in vivo (5) as well as in vitro (16) . Lusso and colleagues showed that transcripts of various CD3 chains were downregulated upon HHV-6 infection (25) . While transcriptional downregulation may play an important role in keeping TCR levels down, it cannot account 4 . U24 blocks CD3ε access to Rab11 recycling endosomes. Cells expressing GFP-Rab proteins and either U24/EGFP (right panels) or EGFP alone (left panels) were sorted for high GFP expression that corresponded to low surface CD3 expression. These cells were then fixed, permeabilized, and stained with an anti-CD3ε antibody (OKT3) and a rhodamine-conjugated secondary antibody. Cells were visualized using a Zeiss 510 META/NLO confocal microscope with a 63ϫ objective, and images were magnified six times. Rab5 and Rab4 are markers of early and sorting endosomes, respectively. Rab9 is a marker of late endosomes, and Rab11 is a marker of recycling endosomes. Yellow arrows indicate areas of colocalization, while white arrows indicate areas of noncolocalization. The HHV-6A U24 ORF encodes a small protein with no known similarity to any cellular proteins. A string of hydrophobic residues indicates there may be a transmembrane region at the C terminus; however, we have not yet found any sequence similarity to any known domain structures in the N terminus. HHV-6B encodes a highly homologous protein (84% amino acid identity) and is therefore likely to behave similarly to the U24 in variant A, since both viral variants have been shown to downregulate the TCR complex (16) . HHV-7 encodes a positional homologue with a predicted C-terminal transmembrane region, but it has only 28% identity with HHV-6A U24 protein. No conclusive evidence exists, as yet, as to whether HHV-7 downregulates TCRs. Both HHV-6 variants and HHV-7 primarily infect CD4 ϩ T cells, and further study of the role of U24 in roseolavirus infection is warranted.
Several herpesviruses are able to modulate antigen receptor signaling. K1, encoded by Karposi's sarcoma-associated herpesvirus, has been shown to downregulate cell surface B-cell receptor BCR expression by blocking its transport to the cell surface (19) . LMP2A, encoded by Epstein-Barr virus, blocks BCR signaling by inhibiting downstream tyrosine kinases (30) . Herpesvirus saimiri, a gammaherpesvirus of New World monkeys, encodes Tip, which downregulates the TCR and CD4 coreceptor (32) . However, K1, LMP2A, and Tip have also been shown to selectively activate lymphocyte signaling pathways (3). U24-mediated downregulation of CD3 is unique in the sense that it is not associated with T-cell activation. Moreover, the cells become refractory to activation upon stimulation by antigen-presenting cells. CD3 downregulation by U24 might thus represent a novel mechanism of immune evasion by blocking T-cell activation. Inhibiting T-cell activation will affect the release of cytokines and potentially dampen the generation of an adaptive immune response. In addition, lymphocyte activation is often associated with herpesvirus reactivation. By controlling the level of CD3, HHV-6 might prevent its own reactivation, thereby keeping HHV-6 in a latent state, which is less prone to immune recognition.
Consistent with this idea, Roffman and Frenkel have shown that pretreatment of cells with an anti-CD3 antibody that induces T-cell activation greatly increases viral replication (34) . As a result of viral evolution, U24 may serve to keep HHV-6 titers low enough that they do not cause massive immune activation. Massive immune activation would cause viral titers to remain high, resulting in a positive feedback loop where the virus would activate the immune system and the active immune system would increase viral production. While HHV-6 does produce high titers in the initial infection, the virus has reached an equilibrium with its host by remaining persistent and relatively nonpathogenic in immune-competent individuals. CD3 downregulation might be an important aspect of this equilibrium. Microarray experiments performed by Yao et al. (44) showing that U24 is expressed after 8 h of a lytic infection are consistent with this hypothesis.
Interestingly, Schindler et al. found a correlation between the pathogenicity of SIV strains and their ability to downregulate the TCR (35a). The severity of CD4 ϩ T-cell lymphopenia in sooty mangabeys infected with SIV strongly correlated with the strain's ability to downregulate the TCR. Sooty mangabeys with low CD4 ϩ T-cell counts were found to be infected with SIV strains with decreased abilities to downregulate TCR, whereas animals with normal CD4 ϩ T-cell counts were found to be infected with SIV strains that robustly downregulate the TCR. Furthermore, the ability to downregulate the TCR by different nef alleles from SIV and human immunodeficiency virus strains correlated with resistance to activation-induced cell death. Whether this is a common viral strategy between human immunodeficiency virus/SIV and HHV-6, both CD4 ϩ T-tropic viruses, remains to be determined.
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